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Abstract

Radiative heat loss from burning droplets in a slow convective flow under microgravity conditions is measured using a
broad-band (0.6 to 40 um) radiometer. In addition, backlit images of the droplet as well as color images of the flame
were obtained using CCD cameras to estimate the burning rates and the flame dimensions, respectively. Tests were
carried out in air at atmospheric pressure using n-heptane and methanol fuels with imposed forced flow velocities varied
from 0 cm/sec to 10 cm/s and initial droplet diameters varied from 1 mm to 3 mm. Slow convective flows were
generated using three different experimental configurations in three different facilities in preparation for the proposed
International Space Station droplet experiments. In the 2.2 Second Drop-Tower Facility a droplet supported on the
leading edge of a quartz fiber is placed within a flow tunnel supplied by compressed air. In the Zero-Gravity Facility
(five-second drop tower) a tethered droplet is translated in a quiescent ambient atmosphere to establish a uniform flow
field around the droplet. In the KC-135 aircraft an electric fan was used to draw a uniform flow past a tethered droplet.
Experimental results show that the burn rate increases and the overall flame size decreases with increases in forced-flow
velocities over the range of flow velocities and droplet sizes tested. The total radiative heat loss rate, Q,, decreases as the
imposed flow velocity increases with the spherically symmetric combustion having the highest values. These
observations are in contrast to the trends observed for gas-jet flames in microgravity, but consistent with the observations
during flame spread over solid fuels where the burning rate is coupled to the forced flow as here.

Introduction

The classical theory of droplet combustion predicts
that the chemical heat release rate, Q. is proportional to
the instantaneous droplet diameter d,(t). Furthermore, the
quasi-steady model predicts that the ratio of the flame
diameter to droplet diameter is a constant. It then follows
that the radiative heat loss rate, Q,.4, which is proportional
to the emitting-gas volume, varies as the cube of droplet
diameter. Combining these results, the radiative heat loss,
as a fraction of the total heat release, becomes
proportional to the droplet diameter squared
(i.e., Qua/ Qe o« di(t)*) [1]. Consequently, as the droplet
diameter increases the radiative heat losses from the gas
phase become increasingly important as a heat-loss
mechanism.
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It has been shown that the ratio of the radiative heat
loss to the total heat release from spherically symmetric
droplet combustion can vary from 10% to 70% with
initial droplet diameters ranging from 1 mm to 5 mm [1].
It was also shown in an earlier study that the transfer of
radiant energy into the droplet was not as significant as
the radiative heat loss to the surroundings [2]. This effect
has been indirectly observed in previous experiments
where it was noted that droplet burn rates decrease with
increasing initial droplet diameters [3, 4] due to gas-phase
radiative heat losses. This is a direct consequence of the
relationship, just derived, between fractional radiative
heat loss and droplet diameter.

It still remains to be determined that gas phase
radiative losses have a significant impact when a large
droplet is exposed to a convective flow field in



microgravity. There has been little work showing the
effects that a slow convective flow field will have on the
radiative heat loss from a large droplet burning in
microgravity.

Specific Objectives

The previous studies all pertained to droplet
combustion employing a spherically symmetric flame
configuration.  Except for a study reporting flame
radiation measurements from a 2-dimensional gas-jet
diffusion flame [6] there is little in current literature
which one could extrapolate to droplet combustion in
slow convective flows. It would be expected, as was
found in the gas-jet diffusion-flame study, that a change
in the dominant mode of heat transfer would occur as a
convective flow field is established (either by buoyant
forces or with a forced-convective flow). The effects of
gas-phase radiative losses on large droplet flame shapes
and burn rates in a very slow convective flow field remain
to be fully quantified. The specific objective of this work
is to report gas-phase radiation measurements for an
axisymmetric flame configuration established by large
droplets burning in microgravity under the influence of a
slow convective flow. The range of initial droplet
diameters was from 0.8 mm to 3.4 mm, and the velocity
range of the flow field was from 0 cm/s to 10 cm/s.
Results from this work will support on-going
development of analytical and numerical models and
increase the general understanding of the role that
gas-phase radiation plays in droplet combustion,
particularly as it occurs in slow convective flows.
Additionally, this work was part of a developmental effort
for a future investigation scheduled to fly on the
International Space Station. As such, in order to address
the full range of droplet diameters and flow conditions
that are to be studied in that flight program, it was
necessary to use three different experimental platforms.

Experiments

As mentioned, three separate test configurations were
used in obtaining the radiometric measurements reported
in this paper. The first test configuration, which was used
in the 2.2 Second Drop-Tower Facility (“2.2 Sec DTF”),
employed a “flow tunnel”, powered by a pressurized gas
bottle, to establish a uniform flow field around a burning
droplet with an initial diameter of approximately 1.2 mm.
The second test configuration, designed for use in the
Zero-Gravity Facility (“ZGF™, i.e., the larger drop tower
providing up to 5 seconds of microgravity), utilized a
translating mechanism to move the droplet at very precise
velocities through a quiescent medium to generate a
uniform flow field. The velocities for this system ranged
from 0 cm/s to 3 cm/s, and initial droplet diameters were
nominally 2.3 mm. The third test configuration was
designed to fly on the KC-135, which affords over 20
seconds of microgravity, and it employed a flow-tunnel

NASA/TM—2003-212216

concept similar to the 2.2 Sec DTF. However, rather than
using pressurized bottles of gas with a sonic orifice, a fan
was used to generate the required flows. In this test
configuration only two flow velocities were used (i.e.,
5cm/s and 10 cm/s), and the initial droplet diameters
were considerably larger at approximately 3 mm. Each
of these test configurations are discussed in greater detail
in the subsections that follow.

2.2-Second Drop-Tower Test Configuration:  The
flow tunnel is capable of producing uniform forced flow
velocities ranging from 0 cm/s to 20 cm/s within a
cylindrical combustion chamber of cross-sectional area
314 cm’ and height 100 cm. Gas flow through the
chamber is established by actuating a solenoid valve to
open the gas line from a pressurized gas bottle to the
chamber. A pressure regulator, located upstream of a
sonic orifice, is used to control flow velocities inside the
chamber. A specially designed insert was built to be
accommodated within the combustion chamber. The
insert consisted of a 100 um quartz fiber with a 200 um
bead at its tip, a fuel syringe equipped with a hypodermic
needle to deposit the fuel droplet on the bead, a stepper
motor used to discharge the fuel from the syringe, and a
hot-wire igniter which is removed from the field of view
by activating a solenoid. The time-synchronized
operations of the flow tunnel, the fuel syringe motor, and
the igniter are controlled by a programmable on-board
microprocessor. The flow uniformity was checked with
the insert in place using a hot-wire anemometer and was
found to vary no more than + 0.5 cm/s at a flow rate of
10 cm/s. Prior to each test the flow field was allowed to
reach steady conditions (a period of about 10 s), followed
by the formation of a droplet of desired size on the
support-fiber bead, and then the experimental package
was dropped. During the drop a backlit image of the
droplet was obtained using a color CCD camera at 30
frames per second. The back-lighting intensity was
adjusted such that the formation of the soot shell was
visible in the droplet image. A second color CCD
camera, with a larger field of view, was used to record the
flame images. Also, two wide-band (0.6 to 40 um)
radiometers recorded the radiant emission from the
burning droplet flame. Both of these radiometers were
situated so that the fuel droplet was centered in the view
cone (which had a solid angle of 64°) and so that the
flame would be viewed at an angle roughly perpendicular
to the axis of symmetry. The first radiometer was a
thin-film thermopile detector (Dexter model 2M) with an
85 ms time constant, and the second radiometer was a
silicon-based thermopile detector (Dexter model S60)
with a 12 ms time constant. The distance from the
radiometers to the droplet center was nominally 9.0 cm.

Zero-Gravity Facility Test Configuration: In the
second test configuration, a tethered droplet was moved



with a translating device through a quiescent atmosphere
in order to obtain the desired flows. As with the
2.2-Sec DTF experiments, these tests took place in an
enclosed cylindrical combustion chamber pressurized to
1.0 atmosphere. The droplet was supported by a 125 um
quartz fiber which in this case was supported at both ends
in a specially designed fiber-support fixture. A 200 um
diameter bead was placed at the fiber’s midpoint to pin
the droplet in the center of the cameras’ field of view, and
the fiber was translated such that it was perpendicular to
the droplet motion.

The test sequence began by dispensing the droplet
onto the bead. Once the droplet was formed the test rig
was released, the igniter was energized and the droplet
was ignited. Ignition typically occurred approximately a
second after free-fall was initiated. The same
radiometers, as discussed in the preceding section, were
used, and their placements, relative to the droplet
location, were essentially the same as in the 2.2 Sec DTF.
Once the droplet was ignited, the fiber mount was
accelerated at a rate of 10 cm/s” until the desired carriage
velocity was achieved. The velocities of the translating
device were calibrated several times and were found to
have uncertainties of less than 1%.  Again, the
synchronization of the droplet dispensing, ignition, and
translation was controlled by an onboard microprocessor.
Remote camera heads along with the radiometers were
mounted onto the same translating stage on which the
droplet fiber support was mounted so that there was no
relative motion between the droplet, cameras, and
radiometer.

KC-135 Test Configuration: The third test
configuration used existing hardware originally designed
to support the earlier Fiber-Supported Droplet
Combustion experiments [7]. This test configuration was
used on the NASA KC-135 Reduced-Gravity Research
Aircraft which provides reduced gravity levels up to 107
g’s for periods of 20 to 30 seconds. Tests were run with
n-heptane droplets approximately 2.5 mm to 3 mm in
initial diameter, with cabin pressures at a nominal
0.7 atmospheres and with two flow velocities, 5 cm/s and
10 cm/s. The uniform flow field was generated by a fan
and a series of flow straighteners located at one end of the
enclosure. A droplet support fiber, similar to the ones
described in the other test configurations, was aligned so
that it’s axis was parallel with the flow direction. Two
radiometers were used; however, in this test configuration
one of the radiometers (Dexter model 2M) was filtered to
pass only the water line emissions at 6.3 ym (with a band
pass of 5.1 um to 7.5 um).

Comparisons of Test Configurations: The orientation
of the support fiber relative to the flow was different for
each test configuration, and these are presented in
Figure 1. Tests were run for both n-heptane and methanol
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Figure 1 Flow orientation relative to the axis of the

droplet support fiber for each test configuration and
definition of flame dimensions.

in the first two test configurations and for only n-heptane
in the KC-135 experiments. All radiometers used in the
testing were calibrated with a blackbody source at the
same distances from the droplet support fiber employed in
the experimental rig.

Results and Discussion

The instantaneous radiated heat loss, Q,.q, is calculated
by multiplying the radiative flux obtained from the
calibrated radiometer, q,, by an effective spherical surface
determined by the distance, L , that the radiometers are
located from the droplet center. In the presence of a
convective flow field flame shapes will actually be
ellipsoidal with the degree of ellipticity dependent, among
other things, on the strength of the flow field. The
approach used to calculate radiative losses simply
assumes a spherically symmetric flame shape. For
qualitative purposes, where trends are being identified,
this simplification should not significantly alter the
conclusions.

Figure 2 shows the instantaneous radiative heat loss,
Q..a, as a fraction of the maximum radiative heat loss,
Qmax, as measured over the duration of the droplet’s burn
time for n-heptane (Figure 2a) and methanol (Figure 2b)
at two different flow velocities; 0 cm/s and 5 cm/s for the
n-heptane test and 0 cm/s and 4 cm/s for the methanol
test. Initial droplet diameters for the two n-heptane tests
were the same and for the two methanol tests were within
20%. These two tests are typical of other similar tests
performed and have been highlighted here to illustrate the
effect that a small flow velocity has on radiative heat
losses. In both cases, as would be expected, the burn rates
(as seen by the slope of the droplet regression) increase
with flow velocity. ~ Of particular interest is the
observation that, for each fuel type, the maximum
radiative heat loss occurring during the experimental time



is reached at a faster rate as the flow velocity is increased.
In fact, for the n-heptane test a peak in the radiative heat
loss is never reached when there is no flow, while for the
case with flow (U, =5 cm/s) a peak in the radiative heat
loss is quickly reached. This trend is also observed with
the methanol tests where the radiative loss reaches a peak
sooner in the case with flow (4 cm/s) as compared with
the no-flow case. In comparing the methanol tests with
the n-heptane tests the peak radiative losses are reached in
approximately half the time. This is a result of the
inherent difference between the fuels where methanol,
having a lower carbon content, reaches a stoichiometric
balance with O, much faster. Consequently flames are
located closer to the droplet surface and flame transients
dissipate at faster rates. Convective flow effects on
radiative losses are observed for both fuels. Two flame
dimensions (as defined in Figure 1), the standoff distance,
S, and the flame width, W, as ratios to the instantaneous
droplet diameter, di(t), are also plotted.

It is apparent from these plots that when forced
convection is present the outer transient-diffusive region
is reduced in size and the flame reaches its quasi-steady
behavior sooner, leading to an earlier peak in radiative
heat loss. Moreover, the radiative heat loss decays from
its peak value quicker due to the increased burning rate
with convective flow.

A unique feature of the test rig used in the ZGF is that,
because the droplet is translated in a quiescent
environment, it can be programmed to accelerate (or
decelerate) the translational velocity in order to change
the flow around the droplet in a prescribed manner. A test
was performed, taking advantage of this feature, to
investigate unsteady-flow effects on radiative heat losses
from the gas phase. Since most practical situations
involving droplet combustion include flow transients in
the form of droplet acceleration/deceleration, these
comparative tests have particular merit. In these tests
radiative losses were measured from two n-heptane
droplets (approximately the same size) with the same
starting flow velocities. In each case the droplets reached
their maximum velocities, at 3 cm/s, within
approximately 0.3 seconds into the drop. Immediately
after attaining maximum velocity one of the droplets was
slowly decelerated at an average rate of 0.4 cm/s* while
the other droplet was held at a constant velocity of
3.0 cm/s.

Figure 3a shows a plot of the instantaneous radiative
heat loss, Q4 and the instantaneous Reynolds number,
Re, (using the droplet translation velocity, U,(t), the
instantaneous droplet diameter, d(t) and the kinematic
viscosity evaluated at 850°C). Figure 3b shows the
transient behavior of the flame dimensions, S and W,
normalized by the droplet diameter, the droplet diameter
squared, di(t), and the deceleration profile that was
programmed into the stepper motor controlling the
translation velocity. In both the steady and decelerating
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n-heptane ; d;(0) = 2.3 mm

oU=5cm/s

xU=0cm/s

Qrad/Qmax 5 (dl(t)/dl(o))2

methanol

U=4cm/s
di(0) = 1.2 mm

x U=0cm/s o
di(0) = 1.5 mm

Quad/Qunax ; (di(1)/di(0))?

M'p/S < O'p/m

M'p/S  (M)'p/m

Figure 2 Radiative heat loss as a fraction of maximum radiative

heat loss, Qad/Qmax;

droplet diameter over initial droplet diameter

squared, (di(t)/d,(0))*; ratio of flame width to droplet diameter,
W/d(t), and ratio of flame stand-off distance to droplet diameter,
S/d(t), for (a) n-heptane droplet at 0 cm/s and 5 cm/s and (b) for

methanol droplet at 0 cm/s and 4 cm/s ambient flow velocities.

cases (as observed in Figure 3b) the flame continues to
move away gradually from the droplet with the
decelerating droplet showing a slightly faster rate of
non-dimensional flame expansion. Interestingly, during
this same period the decelerating droplet has a slightly



lower radiative heat loss. Since a large portion of the
measured radiation is from soot it is possible this is a
soot-induced effect. This may reflect the relatively long
time delays in re-establishing the soot field following a
disturbance to the flow field which alters the rate at which
fuel can be supplied to form soot. As this droplet’s
deceleration rate approaches zero, at the end of the
experiment, a velocity of 2 cm/s is reached. During this
near-steady velocity phase at the end of the test it appears
that the instantaneous radiative loss begins to increase,
almost overtaking the droplet having a steady velocity at
3 cm/s. The decelerated flow field allows the flame to
temporarily expand. Since it takes a finite amount of time
to re-establish an equilibrium flame position after a flow
field is altered, the flame’s intensity is momentarily
weakened. Additional work in this area is necessary in
order to understand better the effects unsteady flow fields
have on axisymmetric droplet combustion.

Results of a number of tests, with ambient flow
velocities ranging from 0 cm/s to 10 cm/s, are presented
in Figure 4. The instantaneous radiative heat loss, Q,gq, 18
plotted against instantaneous droplet diameter. Average
initial droplet diameters were 1.25 mm for the 2 Sec DTF,
2.31 mm for the ZGF, and 3.3 mm for the KC-135. The
aggregate plot, showing all results on the same droplet
scale, indicate that once the flame transient passes there is
an expected convergence in radiative heat loss. It is
apparent that tests performed in the ZGF never extended
beyond the flame transient where flame expansion
relative to the droplet diameter reached a maximum. This
is due to the relatively large initial droplet diameters used
in these tests and the commensurately short burn time
allowed in this facility (i.e., data begins approximately 3
seconds after 0-g ignition and steady velocity was
reached). The considerably smaller droplets used in the 2
Sec DTF, coupled with the fact that the drop occurred
after ignition, allowed these tests to proceed beyond the
flame-expansion period. When results from these tests
are plotted separately on a larger scale (i.e., shown in
lower plot of Figure 4) an interesting observation can be
made concerning the relationship between radiative heat
losses and flow velocity. Results indicate that radiative
losses tend to decrease as the flow velocity is increased.
Additionally, although less accurate due to disturbances in
the micro-gravity levels (i.e., “g-jitter” effects), the
KC-135 results (shown in upper plot of Figure 4) suggest
this same trend. One possible explanation is that the
flame shape becomes increasingly distorted into an
ellipsoidal shape with increased flow. The distorted
flame shape results in a smaller radiating volume and this,
coupled with an increase in convective losses as hot gases
are swept downstream, causes a decrease in radiative
output from the gas phase. In addition, decreases in soot
radiation resulting from shorter soot residence times due
to increased convective effects, also contribute to the
observed decrease in radiative output.
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x U=3cm/s==>2cm/s o U=3cm/s

14 - Dy(0) =2.3 mm
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W/di(t) , S/d(t) ; - dU../ dt (cm/s?)

0.0 1.0 2.0 3.0

t(s)
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Figure 3 Comparison of (a) radiative heat loss, Q,.4, and Reynolds
number, Re, and (b) ratios of flame width, W, and flame standoff,

S, over droplet diameter, d(t), and droplet diameter squared, dl(t)z,

for a steady flow at 3 cm/s and a decelerating flow from 3 cm/s to

2 cm/s (average deceleration rate, -dU_/dt, at - 0.4 cm/s*).

Conclusions

Gas phase radiation measurements of axisymmetric
flame configurations resulting from large n-heptane and
methanol droplets (0.8 mm to 3.4 mm diameters) burning
in a slow convective flow field were obtained from
experiments performed in three different microgravity
facilities; the 2 Second Drop Tower Facility, the Zero
Gravity Facility (“ZGF”, providing up to 5 seconds of
microgravity) and the KC-135 (providing up to 20
seconds of microgravity). Imposed uniform flow

Dy(0) =2.4 mm 20



Qrad (Watts)
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n-heptane

U=0-2 cm/s o U=3-7cm/s

A U=8-10 cm/s

2 Sec DTF

T 2 Sec DTF

di(t) mm

Figure 4 Summary of tests with n-heptane droplets from three
test configurations (i) the 2 Sec DTF (d;(0) =0.8 mm - 1.5 mm),
(i) the ZGF d;(0) =2.0 mm - 2.5 mm), and (iii) the KC-135
(d; (0) =3.1mm - 3.4 mm).

velocities ranging from 0 cm/sec to 10 cm/sec were
established in different manners in each of the test
configurations. A unique feature of the experimental
hardware used in the ZGF allows for experiments to be
conducted in precisely controlled accelerating and
decelerating flow fields.

Results from each of the test configurations show that
radiative heat losses from the gas phase contribute to a
substantial portion of the overall heat loss mechanism.
Preliminary results suggest that gas phase radiative heat
losses reach their maximum values at a faster rate and
approach a lower quasi-steady asymptotic value as flow
velocities are increased. It is believed that this is a result
of the combined effects of increased droplet vaporization
rates coupled with flame distortions and alterations in the
soot distribution (in the case of n-heptane) resulting from
the imposed flow fields. An interesting comparison of
similar-sized droplets with the same initial conditions was
made using the unique feature of the ZGF test rig where
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the flow field was decelerated during the droplet’s burn.
Results from this comparison test show that a decelerating
flow field initially causes reduction in the radiative loss
from the gas phase. Additional tests with this feature are
warranted in order to obtain a clearer understanding of
this phenomenon.
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